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ABSTRACT 

* * 

Kinetic equations of electrophorstic deposition 
were verified quantitatively using dry distilled isoamyl 
alcohol vehicle for P - |3 " alumina suspensions ^ as deposi- 
tion yield with respect to concentration (40-60 g/lOO ml) 
applied voltage (50-500 v) , deposition time (0-50 seconds) 
and electrode separaticn (0.5-1. 5 cm). Number of methods 
have been studied to produce thin walled |3 - |3 " alumina 
tubes for Na/s battery by using electrophoretic deposition 
as a forming technique. Thin tubes over wax skeleton 
were produced with this technique. Both negatively and 
positively charged particles were also deposited over the 
stainless steel mandrels and study was made for easy 
removal of the deposits. 



CHAPTER I 


INTRODUCTION 

f 

I.l Need for stored Energy 

The demand for energy is increasing day by day 
with variety of utilization, preferably in electrical form. 
The conventional energy sources are getting exhausted due to 
excess usage, and a thought must be given to explore alter- 
native sources, simultaneously using the available energy 
in a more economic way. 

While research is going on for developing alter- 
native sources of energy, its storage cannot be neglected. 
When sources are such that generation is not possible for 
all 24 hours of the day (e.g. solar, wind, tidal energy 
etc,), an efficient storage system finds its importance. 

The conventional energy sources are to be used economically 
whenever needed by avoiding fluctuations, using stored 
energy. Hence, in order to have optimum economic use of 
energy, an efficient storage is necessary. 

Stored energy can be used mainly for the following 
purposes viz., load leveling, rural applications and in 


electrical vehicles 
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1.1. A Load Leveling. 

Demand for electricity varies from season to 
season and even hour to hour. Power plants must have gene~ 
rating equipment available for the times of peak electrical 
consumption such as daylight hours during week days. 

Peaking turbines are used to supplement generating 
capacity during times of high demand . such turbines have 
the advantage of being able to come on line quickly, but 
they are expensive to operate, and normally are fueled by 
natural gas. Power plants have to reduce large fluctuations 
(Figure l.l) that occur in electricity demand at any instant. 
One important way of load leveling, or reducing the peaks, 
would be to run large base load power plant generators 
continuously at their most efficient levels even during low 
demand periods, store the excess electricity which is then 
used during periods of higher demand. Since base load 
plants are usually nuclear or coal fired, this practice 
would tend to shift fuel dependency away from oil and 
natural gas needed for peaking turbines. The concept of 
producing energy at low cost, storing it in idle time and 
utilizing the same when required is called load leveling. 

I.l.B Rural Application. 


The power needed by villages and remote places 
is very small. The typical use of power in a village is 



Percentage of system load capacity 
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about 1 unit per day per house. The cost of supply (trans- 
mitting) is more than the production since the utility 
points are scattered. Transmission losses are more at low 
voltage, hence it should be supplied at high voltage for 
low demand which is not economic. In such cases, the power 
can be stored and distributed to remote places according to 
the demand . The exhausted storage units can be brought back 
to central point, recharged and can be supplied again. 

I.l.C Electric vehicles. 

Electric vehicles use stored electricity to drive 
an electric motor for propulsion. The conventional vehicles 
use gasoline which causes air pollution and creates noise. 
The increase in gasoline prices have renewed interest in 
electric vehicles. 

Since electric vehicles do not have combustion 
engines, they are quiet running and do not burn gasoline. 
They can reduce air pollution problems in cities, because 
their source of energy could be fueled by storing electri- - 
city or replacing the storage unit. This shifts the fuel 
source to the central station power plant which uses coal 
or nuclear power. 

However, at present electric vehicles have the 
disadvantages of relatively slow acceleration, low speeds 
and limited distance between charging. 
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1.2 Modes of Energy Storage, 

In the absence of a practical system for direct 
storage of electricity y storage is accomplished by conversion 
of electricity to some other form of energy which can be 
reccxiverted to electricity as needed. There are several 
ways of storing electrical energy viz. mechanical, thermal 
or electrochemical. The storage system or mode of storing 
energy depends on the particular needs. Some times it may 
be the combination cf the above systems. 

Mechanical storage system consists of storing 
pumped hydro, compressed air or fly wheel. In pumped hydro 
system, electricity is used to pump water into elevated 
reservoirs, during periods of low electricity demand. The 
potential energy in the stored water is recovered and 
reconverted to electricity in the hydroelectric plant 
during peak demand periods. This system involves high 
capital cost, geological problems of elevation and stability, 
and takes long time to operate. The energy stored in the 
term of compressed air is used to convert to electrical 
form by operating a turbine. The problem arises because 
of the storage of air. Rock hol-^-'S or mines can be used 
for storing of compressed air, but these have to withstand 
the release and compression of pressure simultaneously. 

In fly wheel, the stored energy is released by allowing 
it to rotate. Materials that withstand the stresses at 
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circumf ert'nce are used, since stresses are at circumference. 
So, highly anisotropic materials are to be; used. Fly wheel 
has less efficiency due to friction and its weight. Hence 
to minimise friction, bearings should be used and operated 
in vacuum, if possible. 

In thermal storage system, the sensible heat is 
used to store energy as high pressurv^- steam, and used as 
required. The problems associated with this are using 
proper high strength, non corrosive containers, but these 
are very costly. In super conductors, energy can be stored 
in electrical form and can be given out again in electrical 
term. This requires very low temperatures (liquid He 

A 

temperature ) . 

In chemical storage, energy can be stored in two 
forms by chemical means, viz.-, (i) storage of hydrogen and 
(ii) st-oring of electricity in batteries. Hydrogen can be 
stored in solid materials like rare~t;arth compounds, e.g. 

LaNi^. It is stored in the form of hydrides and hydrogen 
can be released and used as required. These materials have 
to have the ability to adsorb and desorb. This type of 
storage is used mainly in defence applicotions and air 
craft . 

In the case? of batteries, energy can bo stored 
in electrical form and can be taken out in electrical form, 
hence no further conversion is required. It is instantaneously 
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available. It is of module construction / and depending cri 
the use, modules can be modified by arranging a number of 
batteries. This is a portable unit, and no transmission 
is r\_quired and hence can be installed at any place. 

The disadvantages of the battery systems are: 

(i) produces d.c. hence requires d.c.=a.c, converters, 

(ii) storage is small, and to have large amount of energy, 
the unit becomes bulky. 

(iii) chemicals used are corrosive and toxic. 

Compared to other storage devices, batteries can be used 
upto certain time (hours) and after that they should be 
recharged . 

The general characteristics of these battery 
systems are long life, capability to withstand largo number 
of charge --discharge cycles and almost instantaneous char- 
ging and discharging (relatively low polarization) capacity. 

1.3 comparison of Electrochemical storage Batteries. 

Table i.l givo'S a list of reversible storage 
systems which utilize e loe^rochemical energy for their 
operation. Each type has its own merits and demerits. For 
example, lead-acid battery has low energy density, low 
current density, high, cycle life but active material cost 
is high. Zn/cl2/ Na/sbcl^ have low current density, 
Lisi/FeS 2 has low current density and high operating 
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temperature compared to Na/s battery. From the table it 
appears that though Na/s cell requires -'a.- 300 °c for its 
operation, it has quite a few attractive features. It has 
higher current density and higher energy density (except 
LiSi/FeS 2 which operates at 400"-450°C)- 

The high density batteries like Na-s batteries, 
differ from lead acid batteries in improved energy density, 
and use of cheaper materials. Figure 1.2 shows the impor- 
tance of high energy batteries with respect to cost and 
operation time. The relative over all economy of different 
modes of power generation depends on annual hours of 
operation. For peaking services battery storage has the 
advantage of low capital cost. So, it is evident that 
high energy density batteries are strong candidates for 
energy storage and Na-s battery is one of them. 

1.4 Sodium-Sulfur cell. 

A typical Na-s cell is shown in Figure 1.3. 

Liquid sodium and liquid sulfur arc used in this L/s/L cell 
as anode and cathode respectively. The electrolyte in the 
cell is Na"^ ion conducting p - p " Alumina, it is possible 
to use tubular as well as flat plate forms of P - p" •AI 2 O 2 
electrolytes. A tubular shape can be used in case of high 
energy capacity whereas flat plate is advantageous in high 
power application. The tubular shape electrolyte; acts as 



Annual operating costs ($/KW) 



Annual operation (hours) 


Fig. L2 Comparison of advanced batteries with 
other energy sources . (Ref. 4) 













Sodium - sulfur cell. (Ref. 5) 
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a container for sodium anode and is immt.rsed in molten 
sulfur as shown in Fig. 1.3. The cathod.e material is graph- 
ite felt impregnated with sulfur, since sulfur itself is a 
non conductor. The stainless steel outer container servos 
as the cathode current collector. The principle of Na-s 
cell is as follows; 

Na(l) / p - p" Al^O^ is) / S (1) 

In operation, when electric cell discharges through 
an external circuit, the liquid sodium in contact with solid 
electrolyte is ionized, with release of electrons and form 
the corresponding positive Na ions. The electrons leave 
the cell through tht; negative terminal to external circuit, 
whil<;. the Na ions are conducted through solid electrolyte 
(P - P" Al^O^) to the liquid sulfur. The electrons from 
the external circuit are eventually conducted by current 
collector and through the graphite felt to the liquid sulfur 
forming negative sulfur ions, which in turn combine with 
Na"^ ions to form polysulfides. 


At anode 

2Na — ^ 

2Na'^ + 2e 

At cathode 

XS + 2o'" 

xs"” 

Overall reaction 

2Na + XS 

Na^S, 


^'300°C 


2.08 V 
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In the first stage of discharge, the compound "Sja^S^ is 
formed giving a constant open circuit voltage (OCV) of 2.08 V. 
On further discharge, lower polysulfides are formed (e.g. 
^ 3284 )/ but the discharge can be carried as far as Na^S^- 
Beyond this point the polysulfide melting point starts to 
rise rapidly. Usually this battery is operated at 300 °c, 
and further discharge would lead to freezing of the cathode 
material. 

To recharge the electric cell, a current is 
provided to feed electrons through negative terminal to 

-j- 

liquid sodium. The polysulfides dissociate and the Na ions 
released flow through solid electrolyte to liquid sodium 
chamber and the icns neutralise and mix- with the sodium 
present. Thus aace again this can be used in discharge 
mode . 

several problems in these processes are under 
investigation. Some of them are; sodium anode, electrolyte, 
sulfur cathode and seals. Among all these, electrolyte is 
very important which determines the cell reaction and hence 
the output energy. A good electrolyte is characterized by 
its low electrical resistance, high strength and high 
density, since the electrolyte separates fluids which 
explode if they cane in direct contact, the mechanical 
soundness of the electrolyte membrane becomes very important. 
Recent studies suggested that 8 CP /0 of the cost of the batteries 
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and 60% of the failures may be attributed to electrolyte. 
Therefore, production of dense, mechanically strong, 
ionically conducting p "• P" => alumina shapes (as closed end 
tubes) is receiving the attention of many investigators. 

1.5 structure and Properties of p - p " ~ Alumina. 

1. 5. A :!^a20-Al202 System. 

The compounds of p -Alumina type which are ternary 

3+ 3+ 3-f" 

oxides of general formula nA202*3202 = Al , Fe , 

= Na"^, k"*", Rb”^, Ag"^ etc.) constitute an important group 
of materials belonging to the supericnic conductors. The 
high ionic ccxiductivity is due to the diffusion of B ims 
in loosely packed planes of the structure. 

Sodium P-alumina is a general term that refers to 
a family of sodium aluminates with closely related struc- 
tures and chemical properties. First it was identified as 
an allotropic form of alumina, but it soon became evident 
that P-AI 2 O 2 belongs to the 'Nra 20 -Al 202 system, several 
types of phase diagrams have been proposed. Figure 1.4, 
shows the phase diagram plotted by Rally et al^ . For 
alumina greater than 84 mole per cent Al202r two stable 
phases appear in Na 20 -Al 202 system. 

(i) The sodium aluminate .^NaAl02) in three allotropic 
forms p, Y and 6 . 
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(ii) The p=alumina, a nonstoichiometric phase of compo™ 
sition between 5.33 Al 202 .Na 20 and 8.5 Al202.Na20. 

The domain increases from I050®c to 1400°C and then 
decreases on the side rich in Na^O. The dcmain dis= 
appears around 2000°c at a peritectic point where the 
composition is about 8.5 Al^02-Na20. The two phases 
(NaAl 02 5nd p are separated by an eutectic at 

. 1580°c. 

In ^ ~ p " - alumina domain of coexistance (shaded 

area in Figure 1.4) for the same temperature and same heat 

treatment, the proportions of p (stable) to p" (unstablc3) 

( S 3 > ) 

practically do not vary as the amount of alumina varies. 

Howeve;r ^''-alumina can be stabilized by the introduction 

2+ + 

of impurities like Mg or Li ions. The introduction of 

impurities also modify the electrical conductivity of the 

( 7 ) 

final sintered products. 

P P" - alumina is prepared by solid state 
reacticn between a-alumina and soium carbonate taken in 

stoichicanetric preparation at temperatures above 1050®c. 

( 8 ) 

Ray et al' have identified some problems involved in 
synthesis of p -alumina^ such as segregation and Na 20 loss. 
The phases were studied by X-ray diffraction. Also, they 
stabilized ^''-alumina by MgO and Li20 addition in different 


ratios . 




Fig. 1.4 Na20 - AI2O3 system (Ref. 6) 
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I.5.B Structure o£ p =■ and P " -=■ Alumina. 

X-ray diffraction is used for determining the 

crystal structure. Beevers and Ross, in 1937, established 

the basic crystal structure of p -alumina, it belongs to 

the hexagonal system and consists of [iNTaO] layer and 

[a 1^^ ] blocks stacked alternatively. The blocks of Al^"*" 

2 - 

and O are packed in the same fashion as the packing in 
MgAl^O^ spinel, and are called 'spinel blocks'. Al^*’’ ions 
occupy octahedral sites as well as tetrahedral sites 
occupied by Mg^iln spinel. Those spinel blocks are separated 
by loosely packed [wao] layer. Because of the loose packing, 
space is available for the movement of Na'*’ ions, leading 
to a high ionic conductivity, conductivity is limited to 
only the [pao] plane and alcng c-axis, conduction is very 
difficult. Therefore the material is highly anisotropic. 

In [Nao] layer, O ions are packed loosely, 
leaving many available sites for Na"^ ions and only some of 
them are actually occupied by Na'*' ions, and the remaining 
sites are left vacant designated by (b) and (c) in Figure 
1 . 6 . 

The conducticn plane of p-alumina is a mirror plane 
and thus the fee packing arrangement of the oxide iens 
reflects from the mirror plane (Figure 1.5). In p "-alumina 
this packing arrangement is slightly different, as the 
conduction plane is not a mirror plane. As shown in 




Oxide Na'^ 
Ion 


A 


O® 


B 

A 


C 

B 


tti 

O 


c 

13 


Q)® ®0 


A 

C 

B 

A 


B-Alumma B- Alumina 


O Oxide ion on ^ Sodium ion on 
conduction plane conduction plane 

Fig. 1.5 Oxide ion packing arrangement in ft and /?^alumina 
(Note : letters refer to stacking arrangement where 
ABC represents face - centered cubic packing while 
ABAB would represent hexagonal packing ) [Ref . 
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Figure 1.5, there are 3~-spinel type blocks before the 
stacking arrangement is repeated; for this reason, ^ "-alumina 
is called '3=block' material while p-alumina is called 
'2-block' material. The additional conduction planes lead 
to hexagonal crystal structure for p-alumina and rhombo- 
hedral structure f or p "-alumina. The lattice constants and 
other physical properties of p and p " alumina arc given in 
Table 1.2. The conductivity of -alumina is greater than 
that of p -alumina, due to the presence of one extra MaO 
plane . 


1.6 Forming of p - p" 7-^lumina Electrolytes. 

The manufacturing problems of P -alumina have 
proved to be much more severe than for comparable ceramic 
materials and also because the performance and durability 
of the ceramic in cell is sensitive to its microstructuro 


and composition. These problems are largely defined by 
volatility of sodium oxide at elevated temperatures which 
is required for conventional sintering techniques above 
I400®c. In common with other ceramic materials, p -alumina 
is manufactured by sintering a consolidated powder in 
solid state. 


Green body of p -alumina is prepared by different 

^ ^ . . . . . ( 12 ) . ( 12 ) 

techniques viz., isostatic pressing , extrusion , 

1 - . (13-13a) ^ n ^ ^ . (6, 14-17) 

slip costing and electrophoresis. 
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Table 1.2 

Properties of p ~ 'and P"=alumina 



p -Alumina 

p "-Alumina 

(a) composition 

Na 20 . 11 ^^1203 

Wa^O . 5 Al^O^ 


0 

0 

Lattice 

a = 5,5 a 

a = 5.58 A 

parameter 

0 

0 


c = 22.52 A 

c = 33.95 A 

Density 

3.24 g/cm^ 

3 

3.27 g/cm 

(b) Electrical 

( 11 ) 

prope rties 


Ionic Reactivity 

Activation Energy 


( O) 


P-Al o_ (single 

0.5 ._A.m (57 5 K) 

13 kJ/mol 

crystal) 

P-Al„ 0 o (poly 

0,12 .X. ni (575 K) 

24 kj/mol 

crystal) 

P"-Al 0 ^ (single 

0.01 —Lm (575 K) 

13 kj/mol 

crystal) 

P"-A1 0 ^ (poly 

0.05 (57 5 K) 

20 kJ/mol 

crystal) 
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( 12 ) 

isostatic pressing is a simple technique in 

which powders contained in a shaped rubber bag with a steel 
mandrel are compacted by applying a hydraulic pressure 

3 

(150-400 ) to the outside of the bag. The powder is 

compacted isostatically to a high density and good dimensional 
tolerance is achieved, closed end tubes with thin walls and 
lengths over 500 mm can be fabricated and for wall thickness 
^ 1 mm, the green shapes can be machined. The principal 
requirement for isostatic pressing in large quantities is a 
free flowing powder that will fill the mold cavity with 
reproducible quantity of powder. This requires pressure 

chamber and other auxiliary units. 

( 12 ) . . . 

Extrusion is potentially a very cneap method of 

making large quantities of open-ended p -alumina tubes, but 

there are problems in the development of a suitable binder 

system to permit rapid extrusion with moderate forces. 

Binder systems consisting of polyvinyl pyrolidane and 

ethylene glycol with small additions of colloidal fibrillar 

hydrated alumina have been shown to be effective, although 

extrusion forces were high and sintered densities were 

moderate. In this case, closing one end of the tube is a 

problem. This requires a pressure unit and other auxilliary 


huge set ups. 


Tubes can be fabricated by slip casting in both 
(13) _(13a) 


aqueous 


and non aqueous 


medium. Water leaches the 
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sodium from the p-=alumina with increasing pH and finally 

results in the formation of gels. Methanol gave good 

results ^ , though traces of moisture present, tend to 

adsorb the particles to form gels. Hence, the use of dry 

powder and dry methanol is recommended. Here, the shrinkage 

is very small and the tube formed sticks to the wall of the 

mold, and becomes difficult to be removed. River et al^^^^^ 

could slip cost the tubes in methanol medium, using alumina 

( 14 ) 

pcwder molds. The electrical resistivity reported in 

o ( 13 a) 

a directicxi across the tube is 50 -n_=.cm at 300 c. 

Electrophoretic deposition— uses an 

electrically charged mandrel placed in a suspension of p- 
alumina in a suitable dielectric liquid. 'Ajhen an electric 
field is applied between the mandrel and a suitable counter 
electrode, the powder is deposited uniformly on to the 
mandrel to build desired thickness. Removal of deposit 
from the mandrel is some times difficult. This is a very 
easy technique which takes a short time. The deposit thick- 
ness can be controlled by voltage at time. Hence it is a 
versatile process for ceramic fabrication. 

Since both electrical as well as the mechanical 
properties of p -alumina are very anisotropic, polycrystalline 
ceramic fabrication is difficult with more conventional 
processing techniques. The electrophoretic deposition gives 
desired good depos its ; hence it is possible to produce 


closed end tubes. 
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1.7 Electrophoresis. 

The phenomenon of electrophoresis has been ‘known 
since 1809 with the work of F.F. Ruess. The introduction 
of double layer concept by H. van Helmoltz for explaining 
the mobility of the particles has enabled this technique to 
be used in different f:^elds/ vis., bioch^^mistry , medicine 
and in paint technology. 

The advanced research in this area enabled the use 

of this technique mainly as a coating and as a forraing 

method. Electrophoretic deposition of ceramic oowders is of 

(18) 

more r^icent origin. Avgustinik et al and Andrews 

, (19) 

ct a], have reported the deposition of alumina and 

Krishnarao^ has reported the deposition of magnesia in 

( 21 ) 

various organic media. Holzinger used electrophoresis 

( 14 ) ( 15 ) 

for electroplating of paint. Twers , Kennedy et al , 
pally et al^^^, Baral^^^^, and Krishnarao^ ^ have investi- 
gated the possibilities of using this technique for fabri- 
cation of thin walled p -alumina tubes. The important advan- 
tages of forming by electrophoresis are (a) high throwing 
power, (b) uniform thickness of the product, (c) short 
deposition time required, (d) versatility, so that a wide 
variety of shapes are possible and (e) relatively simple 
tooling - 
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1. 7. A Theory of Klectrophorcsis „ 

Electrophoresis is the movement of the suspended 
particles through a fluid under the action of an applied 
electric field. The particles carry t.'lectric charges which 
are acted by the fields, thus producing motion through 
the f luid . 

The charge of the particles may be either positive 
or negative. Positive particles migrate towards the cathode, 
and the phenomenon is then known as ' cataphoresis ' . The 
migration of negative particles towards anode is known as 
' anaphoresis ' . The term electrophoresis is used to describe 
the general effect and the terms, cataphoresis and anapho- 
resis are being used to distinguish the sign of the charge 
and the direction of the migration. The charge on the 
particles and its magnitude are important for electrophoresis. 

Three mechanisms for the generation of the charge 
have been proposed: (i) an unequal transfer of positive or 
negative iens from the surface of the solid to the liquid; 

(ii) a preferential adsoirption of ions on the solid particles 
from the liquid medium; and (iii.) an orientation of dipolar 
molecules present on the surface of the solid particle. 

These three mechanisms give rise to an electric double layer 
at the particle surface and to a potential difference across 
the phase boundary, stern proposed a a model in which the 
double layer is divided into two parts; the first part 
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consists of counterions attracted to the charged surface, 
and these ions are located in the ''Stern layer' which has a 
thickness of about one solvent molecule. The second part is 
mobile and is called the diffuse laytr. The potential 
difference between the solid surface and the stem layer 
is called the 'stern potential', while the potential diff- 
erence between the stern layer and the' bulk of solvent is 
called the 'Zet'O potential-. if wt. assume that the double 
layer acts as an electric capacitor, the electrophoretic 
velocity, v, is given by 


V 


£E 
4n; rf 


(l.l) 


where is the zeta potential, E is the potential gradient, 
e is the dielectric constant of the medium and T) is the 
viscosity of the medium, when an electric field is 
applied, the solid particles move with their Stem layer 
thus the e loctrokinetic studies arc- directly related to the 
zeta potential. 


I.7.B Kinetics of Electrophoresis. 

Hamaker' ’ carried out many experiments under 
different conditions to obtain yield (in gms) as a function 
of deposition time and yield as a function of applied 
voltage. The detai].£ of the experimental conditions are 
given in Table 1.3. 



i 

Characteristics of t, 
t loctrodeposition by 


No. 

Depositing 

material 

Vehicle 

1. 

cap 2 

Ethanol 

2. 

B OS IT ( CO^ ) 2 

Ethanol ■ 
Methanol 
(Isl) 

3. 


Methanol 

4 . 

Baco^ 

Methanol 

5. 

Basreo^ 

Ethanol - 
Methanol 
(1;1) 

6 . 

Mgo 

Methanol 

7. 

Mgc03 

Methanol 
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.e 1.3 

le suspensions used for 
( 22 ) 

Hamakar^ ' 

i 

Concen-= Applied Deposition 

tration voltage time 


g/100 cc Volts. sec. 

12 40 0=10 

4.5 50 0=15 

7.3 50 0=20 

6.2 20=200 3 

1.8 20-250 5 

3.2 20-250 3 


0.9 


20-200 


10 
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Combining the various result's obtained, he laroposed 
‘ a straight! on-/ard law governing the electrophoretic yield. 
Yield was ^found to be proportional to time*, surface, concen- 
tration and the applied electric field. Thus , 


y = a 


[a FCA dt 


,( 1 . 2 ) 


where, y is yield in gms , l-i is the electrophoretic mobility 
2 

(cm /y sec), the velocity of the particle in a unit field of 

1 v/cm? F is the electric field v/cm; c is the concentration 

of particles gm per cubic centimeter, A is the electrode 
2 

area (cm ) and t is the deposition time. (see). 'a', takes 

account of the possibility that not all the particles which 

migrate to the electrode may deposit, 

( 18 ) 

Avgustinik et al' deposited magnesia and glass 
in ethyl alcohol 96% and hydrochloric acid 1% medium; on 
thin (0.5 mm dia) copper wire for different times and 
voltages. For selection of optimum deposition conditions, 
a theoretical yield relationship was derived considering 
the geometry of the cell. Thus the equation laroposod is 


Y 


u e c t 1 


3 


In 



(1.3) 


where y is yield in gms, U is the voltage applied, 

is the ze-ta potential, e is the dielectric constant of 
the medium, t is the time, 1 is the length of thcj ' ; 

depositing electrode, r] is the viscosity of the medium and 
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and the rac3ii of inner and outer electrcdes 

respectively. 

The experimental results between the yield of 
deposit and the deposition time at constant voltage and 
between yield of deposit and voltage at constant deposition 
time agree with the theoretical yield calculated from 
eexuation (1. 3) to a close approximation. The small devia=. 
tions observed could bo due to non unifoian fall of potential 
during the deposition, which changes the field'. As the 
deposit grows, dielectric becomes two layered (stern layer 
and diffused layer) and the field strength falls unequally 
in th-..sG layers, so that the pote-ntial gradient over the 
coated surface falls and yield of the deposit decrease's. 

Above 50 V, gas formation was observed and it is 
reported that it might be due to the electrolysis of HCl 
present in the suspension. Avgaustinik et al have suggested 
that, c.quation (1.3) can be used for calculating the yield 
of the deposit for practical purposes, with a precision of 
about 15%. 

Basically, equations (1.2) and (1.3) arc same in 
all respects except that in equation (1.3) the dimensions 
of the cylindorical electrophoretic cell is considered. 
Equations are proved to be similar in the following way, 

= a J (J. FCA dt 


y 


( 1 . 2 ) 
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If we consider the c^ll as cylinderical, then the radial 
field 


F = 


U 


(1.4) 


In 


where r, is the radius, at the point where the potential 
gradient is to be determined and, from eq. (I.l), 


|l = 


V 


-f 


6%r] 


(1.5) 


Substitution of eqs . (1.4) and (1.5) in eq. (1.2) gives 

f "C £ U CA dt 


y = a 


^ 6tct] Ih . r 
2 


where r^ = r, the potential gradient determined is at the 
mandrel surface and surface area of the mandrel = 2'n; rl. 


y 






i, e U cl dt 


3 In — T} 

^2 


= a 


u "'t e cl t 


( 1 . 6 ) 


3 In 


r~ ^ 
2 


Equation (1.3) or (1.6) is more accurate thai equation (1.2) 
for theoretical calculation of yield, because, in equation 
(1.3) or (1.6) the radial field is considered which is 
present in a cylinderical cell (present case), whereas in 
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equation (1.2), only linear fields are considered, which is 
not the true field in a cylindrical cell. 


I.7.C Electrophoretic Deposition as a Forming Technique. 

(19) 

Andrews et al used electrophoresis as a forming 

technique. They investigated the feasibility of this 
process for the fabrication of thick, hollow alumina bodies 
of good surface finish, without the need of further 
machining. The depositions were carried using different 
liquids like ethanol, methyl-ethyl^-ketone and mixture of 
toluene and ethanol. They suggested that ethanol suspension 
of 200 g alumina in 380 ml ethanol and 1 ml water with 
dewaxed shellac as binder gave good results for green bodies. 
The rate of deposition depends on concentration and applied 
voltage, and it decreased with continuous usage of the 
suspension and the variation of yield as a function of 
number of depositions was observed to be nonlinear. The 
releasing of the deposits gave problems. They could produce 
hollow alumina bodies using metallised plastic cocoons. 

pally et al^^^ fabricated cl.osed end tubes of 
|3--aluraina of thickness upto 600 |im by this technique. The 
depositicxa was carried out in an organic liquid (no 
particular name of the liquid is mentioned), m metallic 
rods (cathode). The dried tubes were removed by isostatic 
pressing and sintered at about 1850®C in air with a propane- 
oxygen. The tubes thus obtained were used for Na/s cell 
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( 15 ) 

Kennedy et al fabricated p<=alumina tubes by 

depositing in dichloromethane medium (40 g p -alumina in 500 

i 

ml dichloromethane) on positive graphite electrodes. The 
tubes were obtained after burning the dried graphite rods at 
800°C for 3 days. 3-4 cm long, 0.03-0.1 cm thick tubes were 
obtained and sintered at about 1700°c for 1.5-2 hrs. The 
velocity equation (equation I.l) was verified with respect 
to voltage (100-400 v) at a fixed depositing time (1 min) 
and with respect to deposition time (0-2 min) at a fixed 

voltage (200 v) . The experimental yield rates are 1.87 x 

-3 2 -3 2 

10 g/cm .min.V and 4.9 x 10 g/cm .min.V respectively. 

The best results were obtained when 2 to 6 g of trichloro- 
acetic acid was added to the suspension which helped in 
stabilizing the rapid flocculation and rapid settling. 
Presence of water gave flaky deposits and cracks were 
observed after drying. They have reported that presence of 
acid is a must for deposition. 

Powers^^"^^ used commercial p-alumina for fabrication 
of closed end tubes. The depositions were carried on 
stainless steel mandrels (anode) in n-amyl alcohol medium 
(100 g of p-alumina in 200 ml of n-amyl alcohol) for about 
1 minute at 200-1000 V (corresponding to a field of 280 
v/cm - 1400 v/cm). High voltage decreased the time of 
deposition to obtain the desired thickness, hence no 
stirring was required during the depositions. The 
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■'p sitions were removed after complete elimination of liquid 
between the 

mandrel and the deposits, some difficulties 
‘^‘ncount^red during this stage. The tubes thus obtained 
sintered betw<?en 1700-1825‘’c and had sintered' density 
in the range of 2.98-3.15 g/cm\ 

S^roblems associated with electrophoretic forming 

ve been discussed by Powers The selection of vehicle 

for the deposition is an important step. Not all organic 
solvents will 

give depositiens, but only those organic 
liquids whose dielectric constant is in the range of 12-25 
show the deposition behaviour. Use of low conductivity 
iquids is recemmended with higher voltages and lower 
depositing time. 

Two charging modes for p-alumina have been suggested 
one is dissociation of sodium ions to give rise to a nega- 
tively charged particles. Thus 

(P-alumina) — ^ (p -alumina) + ha'*' dissociation mode. 

The second mode is the adsorption of protons or other cations 
which leads to positively charged particles. Thus 

(p -alumina) + ha (p-alumina h)'*' + A** adsorption mode 

Proton donors might be water or organic acids. 

The addition of water provides excess of protons 
and charge neutralization occurs in case of negatively 
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ch argu’d particles and excess of water gives positive charged 
particles (0.2-0. 5% concentration). Higher amount of water 
(about 5%) leads to flocculation. Hence care must be taken 
to avoid moisture which affects the results,. Powers used 
dry p-alumina powder and n-amyl alcohol, ground for long 
time (0^16-48 hrs ) to get negatively charged particles. 
Longer grinding time gives finer particles but we'ar of the 
grinding media affects the quality of the deposits. Hence, 
an exceedingly hard and abrasive substance without incurring 
appreciable wear must be used. Water and wear of the 
grinding media which increases contamination will result in 
cracking of the dried deposits. 

Another hurdle in the forming technique is releasing 
of the deposits. Many investigators have tried different 
methods. Powers reported that complete elimination of 
vehicle between mandrel and the deposits helps in easy 
removal. But in most of the cases, the deposits stick 
firmly to the mandrel which is difficult to release. 

Powers could get some tubes from negatively charged deposited 
particles and using slightly tapered mandrels. But, once 
again the ease of removal depends on starting materials. 

So, the desired properties of the starting material must 
be fine powder and negatively charged particles to get 
good deposits and hence the tubes. 
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Baral^^^^ investigated the possibilities using 

, , -1 ,^ichluro“ 

different vehicles like acetone / isoamyl alcohol/ 
methane and benzyl alcohol for electrophoretic depositi^'^ 

OLlt 

P -alumina. Firsts qualitative experiments were caii-^ 

with 100 g of P -alumina and 200 ml of vehicle, ground 

2-4 hrs and deposited on stainless stafel mandrels. ^ 

250 ml glass beaker as container, a perforated stainl^® 

, 1 steel 

steel tube as counter electrode, and tapered stam 

T ot S-t €3c3i 

mandrels as depositing electrodes. The beaker was 
for about 1 min just bt.f ore the depositions were done, 
prevent settling. Acetone did not give any depositio>n 

. . • • ,r- i-'lGCti’ode. 

while dichloromethane gave deposition an positive 
But it was difficult to get stable suspension with the 

hbl© 

vehicles. Iso-amyl alcohol and benzyl alcohol g^ve 

.. 

suspensions and depositions were obtained. In casi-i 

r ,-4.s higher 

benzyl alcohol drying was rather slow, because or i 

, . .! gQ— amy 1 

boiling point. Good depositions were obtained m 

alcohol medium with few cracks after drying. It was not 

, - _ Further 

possible to remove tubes intact from the mandrels, 
experiments were done using iso-amyl alcohol (200 ml) 

100 g of p -alumina and the yield (g) was obtained as 
function of deposition time (1.5-4 min at 200 v) ^n 
voltage of 100-300 V with U.S. amyl alcohol and 200 to 
400 V with industrial amyl alcohol. The results shdw 
three points with two different slopes. If we assum 
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the deposited area is maintained same in all the cases, then 
the results deviate fron the law. if we assume, that the 
areas varied, hence the deviation from the law then the 
correction cannot be made, due to the nonavailability of 
data (area). The similar behaviour is obtained with 
variation of time. Again only three points are shown, with 
two different slopes, area is not mentioned, hence difficult 

to judge whether the law is verified or not. 

( 17 ) 

Krishnarao evaluated a number of vehicles 
(dich loromethane , benzyl alcohol and five different varieties 
of amyl alcohol) for their suitability as the suspension 
medium for electrophoretic depositions of p-alumina. Among 
the vehicles evaluated, iso-amyl alcohol (BDH) was found to 
give satisfactory results because of its low conductivity, 
the use of higher voltages was possible. Additives like 
ethylene glycol and trichloro acetic acid were also tried 
to get good crack -free deposits, but porous depositions 
were obtained in these cases at higher voltages. 

The depositions were carried out using a stainless 

steel (2.85 cm dia) can as container and counter electrode, 

2 

and stainless steel mandrels. Yield (g/cm ) was obtained 
with respect to concentration, voltage and deposition time. 
About 40 g of p-alumina in 50 ml of vehicle was used for 
deposition, voltage was varied frcm 0-500 v for 1 min 
depositions and time from 0-4 minutes, at an applied 
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voltage of 25 V. verification of the kinetic equations 
(1.2) and (1.3) was not done fully due to difficulties in 
getting reproducible results. The vehicle was used as 
received without further purification. The nonreproducibi= 
lity could be because of moisture adsorption by powdery 
vehicle and suspension at different stages of the experi^ 
ments , The moisture affects the charge and conductivity of 
the suspension and thus leads to varying of the results. 

As seen in earlier sections y still there are some 
problems to be solved in this area of electrophoretic 
deposition technique's. The existing problems are: 

(1) verification of the proposed kinetic equations with 
reproducible results is not fully achieved. 

(2) It is reported that releasing of the deposits from the 
metallic mandrels is difficult. 

(3) Tubes were obtained (Kennedy et al ) after burning 
the deposited graphite mandrels. In this case, to 
get one tubOy one graphite mandrel is required to be 
burnt, which is not attractive. Moreover, burning of 
coated graphite mandrel and getting crack— free tubes also 
has seme problems. 

1.8 present Work. 

Keeping in mind the above problems to be solved 
the present study is designed to be carried out in the 


following steps: 
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(1) As it is reported that varying amount of moisture 
affects the results, it is proposed to oyercpme this 

I problem by using dry powder and dry, distilled amyl 
alcohol, to get reproducible results so that the 
kinetic equations may be verified, using voltage y 
time, concentration and electrode separation as the 
parameters . 

(2) Powers has reported that he could release the deposits 
by depositing negatively charged particles on tapered 
stainless steel mandrels and eliminating completely 
the vehicle between mandrels and the deposit * The 
earlier studies in this laboratory showed that only 
positively charged particles were deposited. Hence, 
an attempt is made here to obtain negatively charged 
particlt-'S and to deposit on tapered stainless steel 
mandrels and finally to release the deposits*' 

(3) Burning of one graphite mandrel to get one tube is 
not economic and also there exists many problems 
during burning. So, the depositions on different 
typ',.s of mandrels have been tried, viz., (a) deposition 
of positively charged particles on tapered stainless 
steel mandrels, (b) deposition of negatively charged 
particles on tapured stainless steel mandrels, (c) 
deposit icxi on graphite coated alumina rods and (d) 
deposition over tapered stainless steel mandrels which 



38 


are coated by wax and then by graphite. Hc.nce, an 
attempt is made to obtain the tubes without damage 
using the above depositions on different types of 


mandre Is . 
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CHAPTER II 

EXPERIMENTAL PROCEDURES 

The fabrication of p ~ p” =■ alumina in the form of 
closed end tubes by electrophoretic deposition consists 
mainly of four steps, viz., 

(1) Preparation of p >» p" ~ alumina, 

(2) Preparation of suspension, 

(3) Electrophoretic deposition, and 

(4) Removal of deposits, 

II. 1 Preparaticn of p - p" - Alumina. 

II. 1. A Preparation of Mixture. 

In the preparation of p - P" alumina, Na20 lose 
occurs during high temperature calcination. But the p - p" 
alumina boundary starts from 1 ; 5,33 (Na^O . AI 2 O 2 ) ratio. 
SO/ to attain this ratio (1 : 5.33) excess soda is taken 
(1 ; 5) in the beginning, and during calcination/ the soda 
loss shifts the ratio to the range of 1 ; 5.33 to 1 : 8.5. 
Hence the material is taken in the ratio of 1 : 5 in the 
present study. The starting materials used for making p" 
alumina (Na^O . 5 AI 2 O 2 ) were p-alumina (Alcoa-2) and 
sodium carbonate (BDH, Analar 99.9%). a -alumina, heated 

800*’C for 2-3 hours, as well as sodium carbonate were 


to 



preserved in an oven at a temperature of about 150=16 0°c 
to avoid the adsorption of moisture. The weight percen-" 
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tage required for Na^O . 5 Al^O^ were calculated (as shown 
in Append ix A ) . 

The mixture was prepared in batches each to yield 
100 g of j3 - p" - alumina. The corresponding materials 
(89.16 g of ^^1203 18.54 g Na^CO^) were weighed accurately 

in a single pan balance (Mettler) to an accuracy of 0.1 g, 
and were mixed thoroughly under acetone (A.R. ) medium, in a 
jar mill (porcelain) for about 2 hours,.. About 1100 g of 
sintered oc-alumina balls were used as grinding aid,.. The 
milled mixture was transferred to a beaker and allowed to 
dry at room temperature, and finally oven dried, similarly, 
other batches were prepared and kept ready for calcination. 

11 . -.B C3 Ic in at i on . 

The oven dried mixture of P-AI 2 O 2 snd Na^CO^ was 
transferred to platinum crucibles, in the form of lumps. 

The platinum crucibles filled with dried mixture were kept 
inside a globar furnace with the lids closed, and temper- 
ature was raised slowly from about 500'®c . to 1225°c. 

After calcination for 4-4.5 hours, the temperature of the 
furnace was reduced to SOO^c in steps. Then the crucibles 
were removed from the furnace, cooled to room temperature, 
and the calcined material was transferred to a clean dry 
beaker and stored in an oven at 150-160®'C till further use. 
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II.l.C Characterization of calcined Powder. 

I 

The presence of p and p " alumina phases in the 

calcined poi/der was characterized using X=-ray diffractometer 

(General ElectriCy XP.D“5). The calcined pov7der was crushed 

to powder in an automatic pestle and mortar (The Torsion 

Balance company) for half an hour. A small amount (about 

1 g) of the powder was used for X-ray study in a plexiglass 

specimen holder. cuK radiation with Mi filter (at 500 cpsy 

a 

scanning rate 2 "/min and chart spaed l"/min) was used for 

X-ray diffraction. The powders was scanned from 7® to 70° ?p. 

The 'd' values obtained from the experiment/ were compared 

with standard 'd' values from ASTM file. The calcined 

powder was found to consist of only p and p" alumina vjith 

traces of sodium aluminate. 

To determine the approximate relative amounts of 

p and p" alumina and thereby the degree of conversion after 

^ ( p ) 

calcinationy a normalised index (Ref. 23) f(p) 

(p) ^ -^(p") 

was calculated using the integrated intensities of p and 
p" alumina at 2© = 44.3° and 46° respectively. 

The powder density of the calcined powder was 
mt asured using a specific gravity battle and toluene 
(liquid) at room temperature. 
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II. 2 Suspension Preparation. 

P - (3 " = alumina suspensions for the experiments 

were prepared by grinding a known amount of dry powder and 

iso 

a known volume of distilled/amyl alcohol (BDH A.R. ) in a 
porcelain jar with sintered alumina balls as the grinding 
aid. The previous ^ studies done in this laboratory 

showed that a fairly good amount of depositions with good 
surface finish were obtained with 50-60 g of p -alumina 
powder in 100 ml of iso-amyl alcohol at 400-500 v applied, 
for 1 minute, with increase in grinding time, yield was 
observed to increase, but increment in yield was more 
drastic in the first hours, compared to further 7 hours 
of grinding. Hence, on this basis, it was decided to use a 
suspension of 60 g of powder in 100 ml of distilled iso- 
amyl alcohol medium, ground for 5 hours in most of the 
experiments described here. 

The alcohol was distilled by fractional distill- 
ation column just before using it for the experiments. 

The fraction used was collected in its boiling range 128-131®c. 
In most of the cases 120 g of p - p" alumina (taken from 
the oven, cooled to rocm temperature) was ground for 5 
hours in 200 ml of distilled iso-amyl alcohol medium, 
care was taken not to expose the suspension to atmosphere 
as tar as possible. The suspension thus prepared was used 
for different experiments. 
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i 

II. 3 Electrophoretic Depositicai. 

I I. 3. A Electrophoretic cell. 

The e le.'ctrophoretic cell used for the experi^ment 

is shown in Figure li.l. it is similar to the one used by 

(17 20) 

earlier investigators ' . This consists of depositing 

mandrels and a closed end stainless steel can used as 
container and the counter electrode. The mandrels used 
for deposition were made of different materials viz., 
tapered stainless steel (which have been used by 
Krishnarao' , wax coated stainless steel, graphite 

and graphite coated alumina rods. The stainless steel 
mandrels were coated with molten wax, and a thin, graphite 
(graphite in water) coating was given over the wax surface, 
thus making the surface conducting. The alumina rods were 
also coated with graphite by using graphite paint in linseed 
oil medium. All the mandrels used were tapered. 

The electrical circuit used for electrophoretic 
deposition is shown in Figure ii.2. Aplab D.c. Power supply 
(0-500 V and 0-500 mA) was used as the source for the 
deposition . The electrodes were connected with proper 
polarity depending on the charge of the particles, so as 
to get the deposit on the mandrels. For studying the 
effect of electrode separation, counter electrodes of 
different diameters (1.85, 2,85 and 3.45 cm) were used. 




Fig. ri. l 
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During the depositions, the current was measured by a 
digital voltmeter (Yamuna) as the voltage across a standard 
re’sistancc . 


II. 3. B Deposition. 

The electrophoretic depositions of p - P" - alumina 
were' carried out on different tapered mandrels. Only 
stainless steel mandrels were used for making kinetic study 
and other mandrels (stainless steel mandrels coated with 
wax and graphite, and graphite coated alumina rods) were 
tried to facilitate the removal of the deposits. 

To Study the effect of concentration of the 
suspension cn the deposition rate, a number of depositions 
were carried out one after the other from the same suspen- 
sion. The suspension was stirred thoroughly with a glass 
rod bv fore each deposition. All the depositions were carried 

out at 450 V for 1 minute. 60 g of p - P" alumina and 100 
iso 

ml distilled /amyl alcohol were used to prepare the suspension. 
In this case, the concentraticn decreased because of 
successive depositions. The dried deposits were weighed 
and the yield was calculated as g/cm^. The concentraticn 
(g/100 ml of suspension) was calculated by knowing the 
weight of the powder and the volume of the suspension at 
the beginning of each deposition. A sample calculation 
for finding out the concentration is shown in Appendix B. 
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In order to study the effect of voltege on the 

deposition yield, the depositions were carried out at 

different voltages in the range of 100-500 v for 1 minute 

on stainless steel mandrels. For this purpose, 120 g of 

iso 

p - p" alumina and 200 ml distilled/ amyl alcohol were used 
for making the suspension in bulk. From this bulk suspen- 
sicn, a fresh supply of about 35 ml was used for each 
deposition and the suspension remaining after each deposition 
was discarded. In this way, maintaining the concentration 
almost same, different depositions were carried out in the 
range of 100-500 v. 

Similarly, maintaining the ccncentration 100 g 
P - p" alumina in 200 ml distilled isoamyl alcohol of the 
suspension and the applied voltage (500 v) constant, 
deoositions were carried out for different time periods 
(10-50 seconds) on stainless steel mandrels, to obtain yield 
as a function of deposition time. 

The effect of electrode separation on yield was 
studied by changing the gap between the two electrodes. 

This was done by using counter electrodes of different 
diameter (1.85, 2.85 and 3.45 cm), concentration was 
maintained almost the same for these three sets of deposi- 
tions also, in a similar way as mentioned above. All the 
depositions were carried out at 500 v for 1 minute. The 
yield g/cm^ was calculated by knowing the weight of the 
deposit and the depcfiited area. 
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Attempts were made to remove the deposits without 
any damage aftler depositing on different electrodes viz./ 
ivax coated stainless steel, graphite and graphite coated 
alumina rods. A thick wax coating can be easily removed in 
the form of a hollow tube, so, the wax coating on stainless 
steel mandrel, was made conducting by painting graphite 
(graphite j^aint in water) with a paint brush. Tapered 
alumina rods Virere made by slip casting and were sintered. 
ThviSv rods were coated with graphite, using graphite paint 
madt, in commercial linseed oil medium. After the deposition 
of •• P" alumina over these mandrels, they were dried at 
room temperature. No quantitative yield study was made 
with these depositions, since these experiments were 
designed to examine the relative ease with which deposits 
could be removed from the mandrels. 

II. 4 Removal of Deposits. 

Several methods were tried to remove the dried 
deposits in order to get closed end tubes without any damage. 
Hand pulling, quenching in acetone and liquid nitrogen 
mt-dium, burning the graphite layer from the alumina rods 
and removing directly with wax are the methods tried. 

The dried deposits from the stainless steel 
mandrels were hand pulled after cutting the starting end 
with a blade. Due to the unequal pressure during pulling. 
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it w^?s found difficult to get crack-free tubes. Quenching 
in acetone and liquid nitrogen were done, thinking that, at 
low temperature, the mandrel shrinks and facilitates the 
easy removal. This was done by slow immersion of the 
mandrel in liquid medium used and holding there for a few 
minutes. This also did not give any encouraging results. 

The deposited graphite coated alumina rods were heated in 
fumac'- slowly upto 600 °c and cooled slowly so as to burn 
off the graphite layer present in between the deposit and 
the “lumina rods. The deposits of wax coated stainless stae 
mandrels were removed by just pulling the v/hole deposit 
along with the wax skeleton. The removal of wax coated 
deposit was very easy and very little pressure was required. 
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CHAPTER III 

RESULTS AND DISCUSSIONS 

IIl.l Characterization of calcined Powder. 

III.l.A Phase Analysis. 

The presence of p - and p "-alumina phases in 
calcined powder was detected by x-ray diffraction. The 2© 
and d values obtained for the samnles were compared with 
standard X-ray patterns. For a semi-quantitative estima- 
tion of the two phases, a normalised index suggested by 
Youngblood £(a) = f , where l(p) 

Lp) LP") 

and I(p") are the integrated intensities corresponding to 
p and alumina respectively was used. The samples were 
scanned at slow rate (0.4° per minute) in the range of 
2© = 40° to 48°, so as to get well separated peaks of p - 
and p" -alumina at 2© = 44.3° and 2© = 46°, respectively. 

The £(p) found for different sets of calcined powder is 
shown in Table III.l. f(p) varied from 0,19 to 0,39. This 
variation could be because of some unintended difference in 
calcining ccxiditicxis viz., heating rate, holding time, 
temperature of calcination etc. as well as the errors in 
X-ray intensity measurements. The f(p) is proportional to 
the amoait of p phase and the balance consists of p" phase, 
along with traces of sodium aluminate (upto 4%). 
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Table lii.l 

Amount of f(p) in calcined powder 


sample No. 


/duount of f(P) 


1 

2 

3 

4 

5 

6 

7 

8 


0.23 

0.19 

0.28 

0.30 

0 . 25 . 

0.32 

0.36 

0.39 


i.j.T 

--- efiTi 

». «.« iswiliiw 



The presence o£ sodiur.i aluminate was estimated by 


treating the two calcined samples with hot/ distilled 
water in KCl medium. The sodium aluminate content found 
was about 7 “•’9%. In these cases, the crucibles were kept 
inside the furnace at about 1050 °c and after calcining at 
105'.)'’C for about 4 hours, the crucibles were taken out of 
the furnace. The larger sodium aluminate content observed 
could be because of insufficient calcination temperature 
and time. This difficulty was overcome in later cases by 
starting the calcination from low temperature (about 500°c) 
then increasing it slowly upto 1250“c and decreasing slowly 
down to ^700°C after calcining for 4-5 hours. Sodium 
aluminate content in such samples was not more than 4%. 
During the calcinatiai, two things happen, viz. 
evolution of CO^ around 850°C and solid state reaction to 
form ^ and yg" alumina phases. Elimination of CO 2 should 
be comolotc before the solid state reaction. The complete 
evolution of CO 2 confirmed by making weight loss measure 

mtnts. Theoretically, the calcined material should loose 
about 1 . 2 % weight (Appendix C). If the weight loss is 
less than the oxoected value, then calcination is not 
complete. In the present study, the weight loss observed 
was in the range of 7.18 to 7.26%, which showed complete 
elimination of CO 2 during the process of calcination. 
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111.1. B Dv.nsity of tho Calcined Powdor. 

Tho density of calcined pov/der v;as found to be 

3.23 g/cc when measured in toluene medium using a specific 

gravity bottle. The observed value is close to the theore- 

( 24 ) 

txcal density reported 3.27 g/cc . 

III. 2 F’actors Governing the Electrophoretic Depositions. 

1 11. 2. A Moisture. 

Moisture affects the electrophoretic depositions 
to a great extent, if it is not controlled to v^ithin some 
limits. The powder, alcohol, and suspension adsorb moisture 
at different stages of the experiment in varying proportions 
and hence give non-reproducible results. To get reprodu- 
cible results, all parameters must be maintained constant 
and it is necessary to use dry powder and dry distilled 
alcohol. Figure III.l show the results obtained using 

2 

distilled and non -distilled alcohols. Here yield (g/cm ) is 
plotted as a function of concentration of the suspension 
(g/lCX) ml of suspension), keeping duration of the deposi- 
tion fixed at 1 minute and the applied voltage at 450 v. 
Curves B, c aad D are obtained using non -distil led alcohol 
kt;...-;)ing all other parameters the same, similarly curves 
E and F were obtained using dry p - p" alumina and 
distilled iso amyl alcohol while maintaining other para» 

The variation in results between the two 


meters constant. 




40 45 50 55 60 

ancentration , g/100 ml of suspension 


Variation of yield with concentration of /?-/?"' 
alumina suspension at 450 V , for 1 minute 
deposition . 
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sets v;ith distilled and nondistillod alcohol) is 

substantial. Also seen is a larg^c scatter in the yield data 
when the amount of moisture is not controlled, leading to 
n on • -re pr od uc ib Ic results. On the other hand, the two sets 
* of yi'- Id ds'.ta obtained with distilled iso-amyl alcohol 
exhibit go-xa reproducibility. Hence, to get reproducible 
rtsul": it is necessary to maintain all the parameters the 

sam ■ nt-: v.-v* n moisture must be controlled. 

( 14 ) 

?cwi,'rs has reported the effects of water on 

«. 1» 'Ctronhore tic depositions. Addition of water gives rise 

to protons and h'. nee increases positive charge, if the 

initial charge of the particles is negative, then the 

moisture affects a charge inversion and finally neutral- 

( 15 ) 

ization. Kennedy ct.al. obs-rved this charge inversion 

in d ichl or thane suspension, with excessively dry 
powdi r and dry alcohol, the deposited materials slips down 
from th.-- mandr*,'!. r'ience there is a limit for moisture to 
bv. :r*'3 nt for good electrophoretic depositions. The 
charC'. inversioi and neutralisation was observed with 0.2 
to o£ moisture in p-alumina/n-amyl alcohol suspension. 

It is reported that with still larger amount of water 
(about 5%) charge neutralisation takes place a second time 
giving no deposition. The deposits with large water 
cent*, nt give flaky# weak deposits and dried deposits give 

have reported the variation of 


cracks. Kennedy ct al 
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mobility ot |3-"Olumina in pentanol with water content. 

Mobility rt mains constant for water content of 0,1 to 2 g/1, 

incroas'-S from 2-20 g/1 and decreases from 20=50 g/1. At 

ccnti. nts more than 50 g/1 flocculation occurs aid the 

(15) 

susp^. nsion sv.ttlos down very fast- Kennedy et al^"^ got 
flaky, ooorly adhered deposits of p-alumina in a suspension 
of 40 9 -.■■’•lumina, 6 g trichloroacetic acid, 500 ml dichloro- 

m'.'thanv and 1 ml of water. The water also lc*aches the Na 


friOT p-alumina and hence decreases the zeta potential. 

H'.-nc. to g^:t good electrophoretic depositions, it is required 
to control thv moisture content and the little amount of 
moisture which is essential for deposition can be achieved 
during thv: experiment^ The charging of |3=.alumina is 

kini. tically slow hence requires long grinding procedures. 


Towers uG«.*d long grinding time to get negatively charged 
fjarticl'. s of p*«alumina in n— amyl alcohol medium. The powder 
Ghcmd ,>ositive charges when put in n-amyl alcohol, because 
of addition of moisture from the- atmosphere. During milling 
this WAS first neutralised and subsequently a negative 
charge developc^d after 2-8 hours, duo to dissociation mode 


of charging. But a limitation of the dissociative mode of 
'rr dug is that p-alumina particles must not be removed 
from tlm- suspension before deposition after milling. 


otht rwist. a pos 


sitivo charge is acquired which then is most 


dif f ic 


to nt 


L-utralise by further milling. This formation 
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of positive 


charge starting from negatively charged 


particles when 


they ene exposed to atmosphere, is mainly due 


adsorption of moisture 


(14) '21) 

^ . Kennedy et al ' reported 


that the best electrophore 

^ a ifTw absolute value, so to get good repro- 
potential had 

, J 4 - -i c necessary to control the moisture, 

ducible results, it is 


tic deposits occurred when zeta 


III.2.B concen 


tration 


£ 4 =^^+- n£ concentration on yield was studied 
centration and carrying out successive 

by varying the co 

V for 1 minute. The concentration varied 

depositions at 

ml of suspension to 40 g/lOO ml of suspension. 

from 60 g/lOO 

/ 2 . slotted as a function of concentration 

The yield (g/cm ) is 

') A variation in yield is observed 
(Figure III • i ^ • 


16 X 10 g 


^ o/cm^ (3 56 K 10 g/cm .min.V) at 60 g/lOO ml 


g/cm^ (2 X lo”^ g/cm^. min.V) at 


. n ^ f ) M/ V ^ v-iu •xua-iA • V / v- 

of suspension to 9 x lo 

• X.U ^of-rease in concentration. The results 
40g/100.„l with deer 

H with those of Powers and Krishnarao 


may be comparer 
Starting with a cone 


entration of 100 g of p -alumina in 200 


ml of n' 


alcohol, powers 


(14) 


carried out a number of 


deoositiens 


and deposition time was adjusted such that 


almost the same amount of material was deposited every 
time. This process was continued till about 8 « of the 

The yield (g/min) was found to 
solids were removed. The y 

n as a function deposition numbers, 

decrease when plotted 
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the decrease being slightly nonlinear* with the available 

data it is not possible to express these results in terms 

2 ( 17 ) 

of concentration and yield (g/cm ). Krishnarao varied 

concentration by adding the iso-arnyl alcohol to the suspension 

range from 76 to 36 g of p—alumina/lOO’ ml of suspension. 

The depositions were carried out at 100 v for 1 minute 

2 

duration. The yield rate (g/cm .min.V) variation is from 

“4 2 -4 2 

5 X 10 g/cm .min.V at 76 g/lOG Hil to 1 x 10 g/cm .min.V 

at 36 g/lOO ilI . The curve is incorporated in Figure lil.l. 

A nonlinear behaviour of yield as a functicn of concentration 

was observed by him also. In the concentration range where 

Krishnarao as well as the present study obtained yield data, 

the yields of Krishnarao are always significantly lower 

than those of the present work at the same concentration. 

This may be attributed to the presence of moisture in the 

suspension used by Krishnarao, since he did not distill 

alcohol. This contention of moisture lowering the yield 

is substantial by lower yield results obtained with 

undistilled alcohol compared to those obtained with 

distilled alcohol in the present study also (Figure Ill.l). 

According to equations (1.2) and (l,3) the yield 

behaviour should be linear when plotted against concen- 

tration. The nonlinear behaviour could be because of the 

following reasons; 

i) all the particles reaching the mandrel may not be 
depositing, and 
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ii) the probability that the particles moving more rapidly 
drag slower particles with them, particularly at the 

higher concentrations, thus raising the specific 

• - 1 ^( 18 ) 
yield 


III.2.C voltage. 

The effect of voltage on yield is studied by 

carrying out the depositions in the range of 50 to 500 v 

for 1 minute, maintaining other parameters almost same as 

explained in section II. 3. B. Experiments were done at the 

intervals of 100 v, starting from 50 v and 100 v in two 

2 

separate experiments. The yield (g/cm ) is plotted as a 

function of applied voltage (Figure III.2). As expected 

fron equations (1.2) and (1.3) a linear behaviour is observed. 

The curves showed zero intercept at zero applied voltage, 

which indicates that at zero field no deposition takes place. 

"4 

The slope of yield versus voltage curve is 5 x 10 g/ 

2 . 

cm .min.V. 

The present results can be compared with the 
(17 ) 

results of Krishnarao for p-alumina in iso-amyl alcohol 

( 15 ) 

medium and Kennedy et al for P -alumina in dichloro- 

methane. KrishnarSo has reported the variation of yield 
2 

(g/cm ) with applied voltage for different grinding times 
with one minute depositions. 100 g of p -alumina in 200 ml 
of iso-amyl alcohol was used and ground for O, 1.5 and 



Grinding Slop 
time , hr g/cm^ 


X c 

Present study 

5 

5 X 10 


Ref. 15 

12 

1.87 X 10' 

o 

Ref. 17 

8-5 

4.5 xIO 

A 

no 

Ref. 17 

8.5 

2.4 xIO' 



0 100 200 300 400 

Applied voltage , V 


III. 2 Variation of yield as a functi 
voltage for 1 minute . 120 g ft- 
200 ml iso-omyl alcohol. 
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8.5 hours, the slopes corresponding to these depositions 

—4 “4 “4 2 

are 2,4 x 10 , 3.7 x 10 and 4.5 x 10 ' g/cm .min.V 

respectively, curves corresponding to 0 and 8.5 hours are 

sho!f;n in Figure Hi. 2. The slope of 8.5 hours grinding is 

“4 2 

comparable to that in the present study (5 x 10 g/cm '.min .v) , 
where only 5 hours of grinding time was employed. Though 
straight line relation is observed for these three curves, 

( -2 -9 

they have different intercepts viz. O, 1 x 10 and 2 x lo 
2 

g/cm respectively with O, 1.5 and 8.5 hours of grinding. 

-2 ”2 2 

The intercepts of 1 x 10 and 2 x 10 g/cm suggest 
sticking of the suspension to the mandrel even at zero 
field. The suspension which is not 'ground gives zero 
intercept . 

Kennedy et al^ got a slope equal to 1,83 x lo” 

2 

g/cm .min.V with 40 g of |3-alumina and 4 g of trichloroacetic 

acid in 500 ml of dichloromethane deposited for 1 minute. 

This value is 3 to 4 time s that of the present study. 

These results are also included in Figure III. 2 which shows 

a linear dependence passing through the origin hence in 

agreement with equations (1.2) and (1.3), The higher slope 

of Kennedy et al could be due to the fact that a different 

vehicle viz. dichloromethane was used in his work compared 

to isoamyl alcohol used in the present work as well as by 
( 17 ) 

Krishnarao . secondly an acid was added while no such 
addition was made in the present work. 3 aral^ has 
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III.2.D Time. 

The effect of depositing time on yield is studied 

by carrying out the depositicxis in the range of 10 to 50 

seconds at 500 v with suspension containing 50 g p - p"- 

alumina in 100 ml of distilled iso amyl alcohol maintaining 

other parameters almost the sartie as explained in section 

2 

II. 3. B. The yield (g/cm ) is plotted as a function of 

deposition time in Figure III. 3 for two experiments carried 

out separately. The two sets of results show a linear 

dependance of yield as deposition time,pas'Sing through origin, 

in agreement with equations (1.2) and (1.3). The slopes of 

=»4 =-4 2 

two lines are 3.6 x 10 and 3.9 x 10 g/cm .min.V. 

Within the limits of error of present experiment these two 

slopes may be considered to be same. 

( 17 ) 2 

Krishnarao has reported the yield (g/cm ) as 

a function of deposition time (O to 4 minutes) at 25 v for 

different grinding times, viz., O, 1,5 and 8.5 hours, the 

«^4 -4 

slopes corresponding to these are 2^4 x 10 , 6.4 x 10 

•«4 2 

and 8.8 x 10 g/cm .min.v. one of his results is included 

in Figure III. 3, which shows a linear dependance with a 

-4 2 

slope of 8.8 X 10 g/cm .min.v for suspensions ball milled 
for 8.5 hours. The higher yield rate obtained by Krishnarao 
compared to that of the present study may be due to the 
larger grinding time employed in former. This must have 
resulted in a finer particle size of Krishnarao' s material 
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than that in the present work and this is corroborated by 

-*2 2 

the fact that a positive intercept of nearly 2 x 10 g/cra 
is observed by himy- which is indicative of deposition taking 
place on the mandrel even in the absence of any applied 
f ie Id , 


Kennedy et reported the yield (g/cm^) using 

40 g of p^alumina, 6 g trichloroacetic acid in 500 ml 
dich lor ome thane suspension at an applied voltage of 200 v 
depositing at various deposition timings (0-2 minutes). 

The curve corresponding to this experiment is also included 
in Figure III. 3 which shows a linear dependence passing 

through origin y in accordance with equations (1.2) and (1.3). 

-3 2 

However the yield rate of 4.9 x 10 g/cm .min.v observed 
is more than an order of magnitude higher than that obtained 
in the present work. Once again this large difference 
could be due to the fact that a different vehicle (dichloro- 
methane ) and 6 g of trichloroacetic acid v/as used in his 
work compared to isoamyl alcohol used in the present study. 

^s stated in an earlier section III.2.C the effect of 
addition of trichloroacetic acid gives higher yield. sOy 
in his case use of 6 g of trichloroacetic acid ' gives 
much higher yield. 

During each deposition decrease in current was 


observed with deposition time. This decrease- in current is 
due to increase in resistance at the depositiiig electrode 
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surface y which decreases the potential drop across the 

suspension hence decreases the mobility. It has been 

( 25 ) 

demonstrated by several investigators (Berry and Tasker 

/ 2gj ) 

et al' ) that the weight of the deposit formed is appro- 
ximately proportional to the number of coulombs of 
electricity passed during the the deposition, i.e. propor- 
tional to the integral of the current with respect to time. 
Depositions were carried out at two different concentrations, 
50 g/lOO ml and 60 g/lOO ml of |3 - p " alumina in iso amyl 
alcohol medium at a 500 V for different deposition timings. 
The decrease in current during deposition was plotted as 
current density against deposition time. The area under the 

curve for each depositions is calculated which gives the 

2 

quantity of electricity per unit area (Q/cm ). Thus the 
2 2 

yield (g/cm ) is plotted against Q/cm (Figure III. 4) for 
both the concentrations. These two curves obey the linear 
law with zero intercept, hence proving yield proportional 
to the quantity of electricity per unit area. 

III.2.E Electrode separation. 

The effect of yield on electrode separation was 
studied using three different stainless steel counter 
electrodes (cans) of diameters 1.85 cm, 2,85 cm and 3.45 cm 
and tapered stainless steel mandrels. Depositions were 
carried out using a suspension of 100 g of p - P” alumina 
in 200 ml of isoamyl alcohol at 500 V for 1 minute as 



/cm X 10 



HI. 4 Variation of yield with quantity of 
electricity . 


ISJ L 
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explained in Section II. 3. B, The experiments were also 
carried out at other two concentrations also, using the same 
suspension after the first set of depositions but the 

2 

concentration measurement is not done. The yield (g/cm ) 
obtained is plotted as a function of reciprocal of In r^/r 2 
where r^ and are the radii of mandrel and counter 
electrode in Figure III. 5 and the data are given in Table 

2 

III. 2. It was observed that at larger gap, the yield (g/cm ) 
is less compared to that at smaller gap. This is because 
of higher field at small gaps which has resulted in 
increase in yield and vice versa, on the other hand, 
according to equation (1.3), the In appears in 

denominator, so when yield is plotted as a function of 
reciprocal of In behaviour is observed (within 

the experimental errors) which was expected. Thus the 
yield equation (1.3) with respect to changes in depositing 

cell dimension is verified. 

(17 ) 

Krishnarao has also studied the effect of 
electrode separation on yield, but the results are expressed 
as the ratio of the two yields and are compared with 
theoretical yield ratios calculated using the equation (1.3). 
It is difficult to plot these yields as a function of 
reciprocal of In due to nonavailability of the data. 
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Table III. 2 



Data 

of e lect 

rode 

separation 

experiment 


Concen- 




T 

1 

In 

^2 

""l 

Yield 

tration 

No. 

^1 

cm 

^2 

cm 

fl 

^2 

1/ln 

2 

g/cm^ 


0.42 

1.72 

0.25 

=1.39 

=0.72 

13.4 

I 

0.43 

1.42 

0.30 

=1.2 

=0.84 

14.4 


0.43 

0.93 

0.46 

=0.78 

=1.30 

21.2 


0.43 

1-.12 

0.25 

=1.4 

-.0.71 

11.7 

II 

0;43 

1.42 

0.30 

=1.2 

=0.84 

13.4 


0.43 

0.93 

0.46 

0.78 

=1.30 

19.6 


0.46 

1.72 

0.27 

0.27 

=0.76 

9.6 

III 

0.43 

1.42 

0.30 

=1.2 

=0.84 

11.1 


0.43 

0,93 

0.46 

0.78 

=1 i30 

14,3 


and are the radii of mandrel and counter electrode 
re s pe ct i vo 1 y . 
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III.2.F Current-Time Relationship. 

In electrophoretic depositions the current should 
fall in some regular fashion with respect to deposition 
time, with increase in deposition time, the film thickness 
increases and hence the resistance at the electrode surface 
increases. Experiments were carried out using a suspension 
of 120 g p - p" alumina in 200 ml of distilled isoamyl 
alcohol in the voltage range of 100-450 v for 1 minute 
duration maintaining concentration constant in each case 
as explained in section II. 3. B. The decrease in current 
was recorded as m'^.’" drop across a standard resistance. The 
current density against deposition time at different 
voltages is shown in Figure ill, 6. it was observed that 
at higher applied voltages the decrease in current is 
rapid compared to that at lower applied voltage. However, 
during all the depositions, a sudden increase in current 
was observed in the beginning of the depositions. This 
increase was far a very short duration which was difficult 
to record. This initial increase in current might be 
because of the movement of the free , adsorbed ions present 
in the suspension, and starts decreasing when the particles 
begin to get deposited on the mandrel. It was thought 
that this period of increment in current depends on 
concentration and voltage. Higher the concentration, the 
shorter the duraticai of the increment period, with dilute 



Current density. mA/cm x 10 



Deposition time , seconds | 

Fig. III. 6 Variation of current density with deposition time 

at different voltages for 120g /5-/3" alumina in , 

200 ml iso-amyl alcohol. | 


73 


suspensions and at low applied field this period may get 
prolonged as particles move slowly towards depositing 
mandrel. On the basis of this, it was decided to use low 
concentrations apd low voltages for deposition to note the 
increase in current during the process. For this purpose 
suspensions with 4 g and 6 g of p ~ p" alumina in 100 ml of 
isoamyl alcohol was used for two different sets of experi- 
ments. The; current increased is plotted as mV (since 

current was measured as voltage drop across a standard 

(Figure III. 7) 

resistance) with respect to depositicn time/. The lower 
concentration 4 g/100 ml gave an increment till about 4 
minutes and that of 6 g/100 ml gave till about 3 minutes. 
Hence it is believed that the initial increase in current 
depends on concentration of the suspension and applied 
voltage . 

III. 3 Deposition of Negatively charged Particles. 

As the aim of the present study is to form the 

p - P" alumina tubes by electrophoretic deposition method, 

the dried deposits must be removed from the mandrels. Many 

( 14 ) 

methods have been tried for this purpose. Powers has 

reported that the long time grinding facilitates in getting 
negatively charged particles and deposition of these 
particle- s an tapered stainless steel mandrels helped him 
to re If ase the dried deposits. In earlier cases of the 



mV 
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present study with 5 hours of grinding only positively 
charged particles were obtained, and were deposited over the 
cathode. But it was difficult to remove the deposits . .nOn 
the basis of Powers' report it was thought that negatively 
charged particles really helped him to release the dried 
deposits after complete elimination of vehicle in-between 
the mandrel and deposit. The gases O 2 ^nd which are 
present in surrounding atmosphere may attract the positive 
particles to form a coherent bond between the mandrel and 
deoosits. This might be the reason for difficulty in 
releasing the deposits of positively charged particles, so, 
en attempt was made to get negatively charged particles. 

Long time grinding (about more than 20 hours) gave negatively 
charged particles. These were deposited on anode with 60 
g of p -alumina in 200 ml isoamyl alcohol at 500 v for 30 to 
60 seconds on tapered stainless steel mandrels. ?ittempts 
to remove the dried deposits from the mandrel were unsucc- 
essful. It was not possible to release the deposits without 
damaging them. So, there is no difference in depositing 
the positively or negatively charged particles as far as 
releasing the deposits is concerned. The long grinding 
tim'i.s employed by Powers decreases particles size of the 
negatively charged particles and enabled to get good 
deposit density. 
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III. 4 Removal of the Deposits. 

Many other methods were tried to remove the dried 

deposits from the mandrels according to section II. 3. B. 

Tap‘^r'--d stainless steel mandrels did not help in this 

respect and so also the tapered graphite mandrels. Instead 

of burning the deoosited graphite rod as was done by 
■^ 15 ) 

Kennedy ct al^' / ih the present study an alumina rod with 

graphite coating over it was employed for the purpose. A 

uniform graphite coating was obtained with graphite; paint 

in linseed oil medium. Thus th*. alum.ina rods with dried 

graphite coating were used for deposition of p ~ P" alumina 

in isoamyl alcohol medium at 500 V for different timings 

depending on the thickness of the deposits desired, only 

qualitative study was made in those cases as experiments 

wore designed to study the relative ease with which deposits 

can hv. removed from the mandrels. The graphite layer 

pres-nt in-between the alumina rod and the deposit was burnt 

off at about 600®C for 30-60 minutes by raising the 

temperature from room temperature. On cooling to room 

temperature slowly, cracks were observed over the deposits. 

In this case CC 2 formed must have increased the pressure 

between the mandrel and deposit. So the cracks might 

have formed and through the cracks, CO 2 might have escaped. 

( 15 ) 

Kennedy et al who burnt full graphite rod at 800°c 
have not reported any thing about the cracks. The very 
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slow heating rate (about 20=30°/hour) might help in this 
respect . 

Finally depositions were made on wax layer after 
coating the wax surface with graphite paint (as explained in 
section II. 3. B), with stainless steel mandrel as support 
for wax coating. The wax layer can be removed easily in 
the form of a hollow tube. The depositions made over 
this Wv. re good. The dried deposits v7ere removed along with 
the wax layer inside the tube from the mandrel. This wax 
can be removed easily. The photograph of different stages 
of the deoosition on the wax coating is shown in Figures 
111.8a to'III.ed, Figure III. 8a shows the stainless steel 
mandrel with wax coating. Figure III. 8b shows the graphite 
coating ove^r the wax layer, Figujre III, 8c shows the p - p" 
alumina deposits on wax and Figure Ill.Sd shows the r- moved 
deposits along with wax layer inside the deposit. Thus it 
is easy to deposit p -» p" alumina on wax layer which 
facilitates in getting the tubes out. The deposits must be 
crack free in order to get the tube^ completely from the 
wax layer. 






ci^ DeposibVo or) 


UOCSX 


Pho+t)^2f<3-fh 
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CHA'^TER IV 

summary T^'ID COMCLUoIONS 

Distilled isoamyl alcohol gave reproducible results 
with p ■= P" alumina suspensions. The kinetic equations 
suggested by Hamakar and Avgustinik are verified as deposi- 
ticn yield as a function of the following parameters varied 
one at a time: concentration , deposition time, gap between the 
electrodes and voltage. 

Many methods were tried to get the tubes viz., 
depositing the oowder on tapered stainless steel mandrels, 
on graphite mandrels, graphite coated alumina rods and on 
graphite coated wax over tapered stainless steel mandrels. 
Also, deposition of negatively charged particles on tapered 
stainless steel mandrels was tried, however this did not 
help any more and gave almost same type of difficulties for 
release as that of positively charged particles. Among the 
other methods tried, depositions on wax gave satisfactory 
results. It is easy to remove the deposits from the 
tapered stainless steel mandrels along with wax skeleton. 




80 


REFERENCES 


1) Birk, J.R. in "Superionic Conductors", G.D. Mahan and 
W.L. Roth, eds. (1976), Plenum Press, New York. 

2) Birk, J.R. and Yao, N.P. , Presented at Electrochemical 
Society Meeting Atlanta, G.A. , October (1977). 

3) Robinson, A.L. , Science, 192 , 541 (1976). 

4) "Storage Batteries, The case and candidates", EPRI Journal, 
October (1976). 

5) Kummer, J.T. and Weber, N., "A Sodium Sulfur Battery", 

Soc. Automotive Engrs., Report No. 670179. 

6) rally, j., Lasne, c., Lazennec, Y., Lecars, Y. and 
Margotin, P., J. Electrochem. Soc., 1 ^, 1296 (1973). 

6a) collongues, R., Thery, J. and Boilot, J.P. , "Solid Elec- 
trolytes", Hagenmuller, P. and vangool, W., eds., (1978), 
Academic Press, New York. 

7) Wynn, J.I. and Miles, L.J., Proc. Brit. cer. soc., 19 , 

161 (1971). 

8) Ray, A.K. and Subbarao, E.C., Mat. Res. Bull., 583 

(1975). 

9) Kennedy, J.H. , in "solid Electrolytes", ed. Geller, S., 
Chapter 5, Springer-Verlag, Berlin (1977). 

10) Imai, A. and Harata, M., Jap. J. Appl. Phys., Id^, 180 (1972) 

11) May, G.J., Power sources, _3, 1 (1978). 

12) Research on Electrode and Electrolyte for the Ford 
"Sodium-Sulfur Battery", Annual Report, June 30, 1975 - 
June 29, 1976, Under Contract No. NSF-C 805. 

13) Byckalo, W., Rosenblatt, G,, Lam, J. and Nicholscn, P.S. , 

Am. Ceram. Soc. Bull., 286 (1976). 

13a) River, M. and pelton, A.D. , Am. Ceram. Soc. Bull., | 

183 (1978). : 

[ 

14) Powers, R.W. , J. Electrochem. Soc., 122 , 490 (1975). i 



81 


15) Kennedy^ J.H. and Alain, F., J. Electrochem. Soc., 122 , 

482 (1975). 

16) Earal, D., " - " Alumina Electrolytes, Preparation, 
Characterization & Electrophoretic Forming of Tubes", 
M.Tech. Thesis, IIT Kanpur (1977). 

17) Krishnarao, D.U. , "Electrophoretic Deposition of -Alumina 
and Magnesia", M.Tech. Thesis, IIT Kanpur (1978). 

18) Avgustinik, A.J. , vigdergauz, v.S. and Zhuravlev, G.J., 

J. Appl. Chem. U.S.S.R., 35, 2090 (1962). 

19) Andrews, J.M. , Collins, A.H. , Garnish, D.C. and Dracass, J., 

Proc. Brit. Ceram, soc., 211 (1969). 

20) Krishnarao, D.U- and Subbarao, E.C. , J. Am. Ceram. Soc., 

467 (1979). 

21) Holzinger, F., Paint Technology, 30, 20 (1960). 

22) Hamakar, H.C., Trans. Faraday Soc., 180 (1940). 

23) foungblood, G.E., cannon, W.R. , Rasmussen, J.R. and 

Gordon, R.S., Am. Ceram. Soc. Bull., 206 (1977). 

24) Hemes, M.D. and Duncan, J.H. , S.A.E. Report Mo. 750375 
(1975) . 

25) Berry, J.R., Paint Technology, 28, 24 (1964). 

26) Tasker, L. and Taylor, J.R. , J.O.C.C.A. , ^[8, 462(1965) 

27) Kennedy, J.H. and Foissy, A., J. Am. Ceram. Soc., 33 

(1977 ) . 



82 


APPENDIX A 


To calculate tho x-aeight percentage for Na^O.SAl^O^. 


Compcnent 


Molecular weight 


^^2°3 

Na^O 


Na^O , 5 Al^O^ 


101.96 

61.98 

105.98 

571.78 


To prepare 100 gm of Na20.5 Al^O^,, 

5 -y lOl 96 

Amount of Al„0^ needed = — —r : — — x lOO = 89«16 g 

^ O ID / -X. * / vD 

/.mount of Na^O needed = 100 - 89.16 = 10.84 g 


I 10.84 X 105.98 

or Amount of Na^CO^ needed = — " 18.54 g 


Total amount of mixture needed for preparation of 100 g 
P - p " alumina 


89.16 4- 18.54 


107.70 g 
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APPENDIX B 

I 

B.l To find the surface area of the mandrel. 


The coated mandrel was weighed and the length of 

the mandrel over which deposition occurred was measured 

(ft>) 

(SH). The surface area of the mandrel was computed 
using the geometry of the mandrel (Figure A.l) as follovjs. 


tane 


SH/2 

(DX ~ DI)/2 


H 

(DO - DI )/2 


SH _ 2H 

”(DX - DI) (DO - DI) 


DX 


(DO - DI)SH 
2H 


+ DI 


S = 


TtDX 


SH 


+ I (DI)^ 


3.2 Method to find the concentration of the suspension. 

The concentration of the suspension was measured 
as gms of powder per 100 ml of suspension/ in a similar way 
as suggested by Krishnarao*"^®! It is computed by making 
use of the geometry of the cell as follows ' (Figure A, 2). 

SH is the depth of immersion of the mandrel in 
the suspensican and DX is the mean dia of the mandrel at 
half level of immersion. The distaice apart between the 
end of the mandrel and the bottom of the can is Hi = L -=■ H, 



8 ^ 


H 

DO 



-■*1 DI h 


9.0 cm 
0.93 cm 
0.80 cm 


Fig. A.1 Geometry of the mandrel. 
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wherci L is tht depth of the can and H is the full height of 
the mandrel. volume of the suspension in the can is 


V 


4 


(SH + Hi) 


4 


H 


- ’ . concentration 
suspeutsion) = 


of the suspensicai (gms per 100 cc of 

amount of solid in the susp e. ns ion in gms 
volume of the suspension in cc 


X 


1 


B-3 -'T'o find the surface area and volume of the suspension 

at -lily instant/ knowing the height of the mandrel immersed 
in th,.; suspension/ a computer program is made use of, which 
is shown latter. The mean dia (DX), surface ar^-^a (SA), 
volume (v) and distance between the two electrodes (AL) were 
cornputoci at a distance of every 0.05 cm from the bottem of 
mandrel to the full length of the mandrel. 

B.4 To calculate the amount of solid present in the 
suspension. 

The amount deposited at each deposition was noted 
and after all depositions/ the remaining suspension in the 
can was dried and weighed. The total amount of solid in 
the suspension was computed by adding the weight of the 
remaining dried suspension weight and the total amount 
depositfejd. Hence/ the total amount of solid present was 
known at the beginning of the depositims. NoW/ by just 
deducting the weight of the deposit- of a particular 
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deposition/ the amount left for the next deposition was 
known. Thus/ knowing the amount of solid present at the 
beginning of every deposition and corresponding volume 
(calculated by knowing the immersed height of the suspension 
using computer results), the concentration was calculated. 

A sample calculation is shown below. 


sample’ calculations (for concentration). 


Oe-pOSi- 

Height of 

* 

vol. of 

Wt . 

Amount 

concen- 

ticn 

immersion 

suspension 

deposited 

present 

tration 
g/100 cc of 
suspension 

MO. 

cm 

ml 

g 

g 

1 

5.6 

66.84 

2.09 

37.3 

55.8 

2 

5.4 

65.7 

1.74 

35.21 

53.59 

3 

7.2 

63.45 

2.41 

33.47 

52.75 

4 

6.8 

61.9 

2.07 

31.06 

50.0 

5 

6,5 

60.1 

1.85 

28.99 

48.2 

6 

6 . 3 

58.7 

1.71 

27.14 

46.23 

7 

6.1 

57 .4 

1.6 

25.43 

44.3 

8 

5.8 

55.9 

1.4 

23.83 

42.6 

9 

5.6 

54.2 

1.42 

22.43 

41.13 


16.23 

wt. of remaining dry suspension 21.07 


Total 37.30 


*From computer result 
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APPENDIX C 


To calculate the theoretical weight loss after 
calcin ation . 


Na^COs — Na^O + CO^ 

105.98 — 61.98 + 44 


105.98 g Na^CO^ loses 44.0 g of CO 2 


18.54 g Na^CO^ in 107.7 g of mixture (see Appendix A) 
loses 


44 X 18.54 

105.98 


= 7.7 g 


. * . Percentage loss of CO 2 is 


7.7 

107.7 


X 100 


7.15 


Theoretical loss due to CO 2 evoluation of CO 2 is 7,15%. 



4 % 6 217 4 


T-k 

GG3V1Z 





r^E- M - pAC 



